The authors report a study of the effect of middle cerebral artery spasm on cerebral blood flow, its autoregulation, and the subsequent development of ischemic infarction in the rhesus monkey. Spasm induced by puncturing the middle cerebral artery was followed by serial angiography and the determination of "local" cerebral blood flow (ICBF). Xenon la3 washout was measured by a collimator whose isoresponse characteristics allowed exclusive sampling from the middle cerebral territory. Before the development of ischemic necrosis, 1CBF varied indirectly with the severity of spasm. The onset of infarction was marked by permanent depression of 1CBF despite recovery of arterial caliber. Despite wide changes in blood pressure, autoregulation of 1CBF was maintained in the normal rhesus monkey. However, soon after the onset of spasm, the ICBF was constant only during hypotensive periods, and flow values increased significantly during hypertensive periods. When prolonged spasm (22 hrs) caused ischemic infarction, a reversal of the autoregulatory pattern occurred; the 1CBF was constant in the hypertensive period and decreased during the hypotensive period. Although the constancy of the relationship of 1CBF to hypotension in the absence of infarction might indicate a degree of reflex vasodilatation, this could not be substantiated on serial angiography. The therapeutic implications of these findings are discussed.
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local cerebral blood flow cerebral vasospasm autoregulation cerebral ischemia xenon T HE prognostic significance of cerebral vasospasm after spontaneous subarchnoid hemorrhage is now widely acknowledged. 6,7,~6 Although extensive cerebral infarction 26,2~ and severe neurological deficits may accompany the onset of vasospasm, ',1~ the hemodynamic changes favoring infarction have not been thoroughly investigated. Arterial circulation time determined at angiography 3~ as well as the mean circulation time determined with p31 Hippuran are both pro!onged. 17 Electromagnetic carotid flow measurements in experimental cerebral vasospasm have shown inconsistent changes. 31 In a study of 30 patients with spontaneous subarachnoid hemorrhage, changes in regional cerebral blood flow (rCBF) were found to be poorly correlated with the presence of vasospasm as well as with the circulation time2 s Clinical studies, however, cannot adequately separate the effects of vasospasm from those of infarction, hematoma, subarachnoid hemorrhage, and associated abnormalities in acid-base chem-istry, each of which may alter the flow in an unpredictable manner. 1<15,1s Furthermore, rCBF values are not representative of the perfusion rates within the distribution of any one artery, and therefore any correlation of the degree of vasoconstriction with altered blood flow is difficult. Simeone, et al., 32 showed that alterations in blood flow were poorly correlated with focal arterial narrowing but were related to survival.
The purpose of this study is to determine the effects of middle cerebral artery spasm on cerebral blood flow, autoregulation, and the subsequent development of isehemic infarction in rhesus monkeys. To accomplish this, blood flow was evaluated in an area supplied primarily by either the anterior or middle cerebral arteries2 In contrast to rCBF, this measurement may be referred to as "local" cerebral blood flow (1CBF) and denotes the flow in brain tissue subserved by one of the three major cerebral arteries. Such information may be prerequisite for attempts at favorably manipulating the cerebrovascular milieu after subarachnoid hemorrhage in man.
Materials and Methods
Adult rhesus monkeys (Macaca mulatta) weighing 4 to 6 kg were tranquilized with Sernylan (phencyclidine hydrochloride), and cisternal and femoral arterial catheters were introduced. These were connected to Statham P 2 3 A C pressure transducers, and the data were displayed on an oscilloscope* providing a reading of perfusion pressure. A patent airway was always maintained with a cuffed endotracheal tube, and arterial blood gases were serially determined.
Control cerebral angiograms and local cerebral blood flow (1CBF) studies were performed via a catheter in the common carotid artery. Biplane angiography was performed with the canthomeatal line perpendicular to the x-ray table. Exposure factors for serial angiograms at 4 films per see were 300 mA, 600 kvp, at 1/15 see. The diameter of the middle cerebral artery was measured on the radiographs at 3 mm intervals beginning at its origin (Fig. 1 ).
*Oscilloscope manufactured by Electronics for Medicine, Boston, Massachusetts.
Fro. I. Transorbital x-ray films (0 ~ angulation) taken in series in the same animal give a semiquantitative method of evaluating the severity of middle cerebral artery vasospasm. Left: Control film. At 3 mm intervals (black dots) along the length of the artery, its diameter is repeatedly measured and these are added and recorded as the arterial index (AI). Right: Postoperative film showing the reduction in the caliber of the middle cerebral artery after needle puncture. The arterial index (AI) is lower than in the preoperative control.
The sum of these diameters, recorded as the Arterial Index (AI), is inversely related to the severity and extent of induced vasospasm?
Following the baseline angiograms, 1CBF studies were performed by slightly advancing the carotid catheter into the internal carotid artery. Approximately 0.2 cc of xenon 133 containing 2.0 to 4.0 mCi was hand-injected in one bolus. The mean arterial blood pressure (MABP) showed no significant alteration as a result of the injection. The instantaneous uptake and exponential decay of gamma activity was detected by a 1 cm sodium iodide crystal. A 19-hole collimator,* whose isodose characteristics had been previously determined, provided the necessary sensitivity and scanning area without registering overlap from adjacent tissue.
The collimator-crystal combination was positioned to register activity from the anterior and middle cerebral territories separately by correlating the angiograms with anatomical landmarks on the skull. 4,9,e4,35 A ratemeter* calibrated for time and isotope peak, provided a continuous reading of count rates. Permanent washout curves were graphically recorded on a strip chart recorder* and then replotted on semilogarithmie paper. Fast and slow components were substituted in Lassen TM for Xe I33 in blood and human brain were utilized in the calculations. A small frontotemporal craniectomy was then performed exposing the frontotemporal operculum and the main trunk of the middle cerebral artery. The arachnoid over *Collimator, ratemeter, and strip chart recorder manufactured by Nuclear Chicago, Chicago, Illinois.
the Sylvian fissure was stripped for 0.5 to 1.0 cm with a fine dural hook, and the middle cerebral artery was then punctured with a No. 30 gauge needle. Most of the hemorrhage was absorbed by a fine suction tip. The immediately ensuing vasospasm was observed while serial recordings were made of blood pressure, pulse, respiratory rates, and arterial blood gas concentrations. The scalp incision was then closed loosely.
In the first series of 10 experiments, the effects of vasospasm on the 1CBF were assessed in the normotensive animal. Repeated angiograms and corresponding 1CBF measurements were performed at intervals of 2 to 60 hours postoperatively. The animals were watched closely for the development of weakness or behavioral abnormalities. Arterial blood gases were determined prior to the 1CBF studies, but no attempt was made to influence these variables.
In the second series, 11 experiments were conducted to determine the autoregulatory capacity in the middle cerebral territory by altering the MABP with an intravenous drip of Neosynephrine (phenylephrine hydrochloride) or Arfonad (trimethaphan camphorsulfonate). The relationship of blood pressure to blood flow was compared to that in the same animal before the induction of spasm. Persistence of vasospasm was documented by angiography at the conclusion of each experiment.
All animals were sacrificed approximately 1 week following the last study, and the brains were fixed in formalin. They were then examined grossly, photographed in coronal section, and stained with hematoxylin and eosin for light microscopy.
Results
Of the 27 middle cerebral artery punctures, 2I resulted in vasospasm. In six attempts, transient arterial bleeding occurred, but vasospasm was not noted visually or by angiography and 1CBF values were not significantly altered. After repeated puncture, middle cerebral artery vasospasm was eventually produced in all animals. Propagation to the internal carotid or anterior cerebral arteries occurred only in Experiment 2 after a large amount of blood escaped into the subarachnoid space. The jet of arterial bleeding usually ceased completely 5 to l0 seconds after the onset of spasm. There was no immediate evidence of hyperemia, venous stasis, hematoma formation, or cerebral swelling. In three experiments, there was a 15% to 20% rise of the MABP that persisted for 15 to 45 minutes after the induction of spasm. There was no consistent or significant change in either the pulse rate, respiratory pattern, or arterial blood gas concentrations.
Relationship of Local Cerebral Blood Flow to Spasm
In the group of animals maintained under normotensivc conditions, the first postopcra- Table 2 ).
The ICBF values fluctuated in the same direction as the arterial indices. This association was reflected in a statistically significant positive correlation between the serial values of the two parameters in all six experiments (correlation coefficients varied between 0.81 and 0.92; all were statistically significant at the 0.01 level). With the resolution of spasm, the 1CBF tended to return to the preoperative level (Table 2) .
In four experiments (Group B), the spasm was more prolonged, lasting 22 to 43 hours. In the first 16 hours, the 1CBF and AI varied directly (cc=0.85) as in the first group. At the end of this period the AI approached the preoperative values, but the 1CBF values remained substantially lower than control measurements. The discrepancy in the behavior of the two parameters after 22 hours was shown by the consistently low and statistically insignificant correlation coefficients between them (Table 3) . 
Jack M. Fein and Roushdy Boulos

Autoregulation in Middle Cerebral Artery Spasm
Fifty-seven 1CBF determinations were performed in 11 control experiments. Between a MABP of 60 and 150 mm Hg, the 1CBF values never deviated by more than 12% of the initial value in any individual experiment. Beyond these limits, however, the ICBF passively followed the changes in MABP. A typical example of this normal autoregulation is illustrated in Fig. 2 top. In this experiment, the ICBF values ranged between 59 and 65 cc/100 gm/min despite a difference in MABP of 90 mm Hg. The slightly higher blood flow values associated with relative hypertension tended to persist as the blood pressure was reduced to normal and below normal levels. This tendency toward a hysteresis or lag between the flow and pressure was noted in all the control experiments.
This constancy of 1CBF was disturbed in the presence of middle cerebral artery spasm. In five experiments where spasm was present for 6 to 16 hours (Group C), the initial ICBF was lower than the normal control value but it rose promptly with each experimental increase of the MABP up to 160 mm Hg. It reached the preoperative control value in only one experiment. As the blood pressure was returned to its initial value, the tendency toward a hysteresis effect that was noted in the control experiments was again observed in the presence of spasm. Further reduction of the MABP to a level of 50 to 60 mm Hg produced no significant change in the 1CBF (Fig. 2 center) . Thus, during the early phase of cerebral vasospasm, the 1CBF was constant despite lowered blood pressure but passively followed blood pressure elevations.
Vasospasm was present for 22 to 38 hours before autoregulation was tested in six experiments. In these animals, ICBF determinations were made at a MABP ranging from 40 to 170 mm Hg. The initial values of ICBF in this group were all substantially ICBF is directly dependent on blood pressure (lower curve) until normotensive levels are reached, at which point further elevations of blood pressure do not enhance blood flow. lower than the control preoperative values. Induced hypertension failed to produce a significant alteration in the 1CBF. On the other hand, induced hypotension resulted in successively lower values for 1CBF. This pattern was observed in all six animals of Group D (Fig. 2 bottom) .
Pathological Findings
In the group of normotensive animals, the premortem duration of spasm was found to be the crucial factor influencing the pathological findings. Despite intense premortem vasospasm, animals in whom the spasm persisted for 18 hours or less (Group A) showed no gross or microscopic evidence of cerebral swelling or softening in either the middle or anterior cerebral distribution (Fig. 3 le[t) . When vasospasm was angiographically demonstrable for 22 to 43 hours (Group B), a variable degree of softening resulted (Fig. 3 right) . These brains showed beginning and more advanced demarcation of necrosis which included the insula, inferior and middle frontal gyri, lower parts of the pre-and post-suprasylvian gyri, as well as the superior and middle temporal FiG. 3 . Left: Normal-appearing brain in an animal whose vasospasm resolved within 18 hours. Thi,~ was typical of the group whose vasospasm was transient. Note the distinct gyri and sulci, the lack o! swelling, and the sharp border between cortex and white matter. Right: After prolonged vasospasm (18 hours), there was gross and microscopic evidence of infarction restricted to the middle cerebral territory. Note obliteration of the border between the cortex and white matter and indistinct gyri and sulci. This animal was representative of the group. gyri. On microscopic examination the involved areas showed Nissl changes and eosinophilia of many neurons, confirming the gross impression of ischemic infarction.
There was no remarkable gross difference in the caliber of the middle cerebral arteries of the spastic and nonspastic hemispheres irrespective of the duration of spasm, the alteration in ICBF, or the severity of the ischemic changes. Thus, spasm per se was not appreciated in the postmortem examinations. Aside from Experiment 2 where subaraehnoid blood diffused across the base, evidence of bleeding was confined to the Sylvian region around the puncture site. There was no hemorrhage in the interhemispheric fissure or over the opposite convexity.
The same difference in pathological findings was again noted in the series of experiments where the blood pressure was varied with essentially normal appearance of the brain in experiments with early spasm (Group C) and evidence of infarction in animals with the more prolonged spasm (Group D). Moreover, in two animals of the latter group in whom the ICBF dropped markedly with hypotension, ischemie necrosis was found to involve the entire ipsilateral   FIG. 4 . The brain of an animal with prolonged middle cerebral artery vasospasm. Hypotension was associated with the lowest lCBF values encountered. There is severe and widespread liquefactive necrosis not entirely confined to t h e middle cerebral territory.
hemisphere and was most pronounced in the middle cerebral territory (Fig. 4) .
Discussion
Yamaguchi and Waltz 3r studied the relationship of subarachnoid hemorrhage to cortical blood flow in the eat. They noted that decreases of cerebral blood flow correlated roughly with the volume of subarachnoid hemorrhage, but not with the caliber of smaller cortical arteries photographed on the surface. They postulated that reduction in cerebral blood flow might be related to spasm of the major arteries at the base. Prior experimental studies 8 have demonstrated the feasibility of expressing the degree and extent of spasm on angiography by using the Arterial Index (AI). In addition, a method for measuring the 1CBF in the territory of either the anterior or middle cerebral arteries has been elaborated upon elsewhere. 9,24
These approaches were used in our first series of experiments to determine whether a correlation exists between the severity of angiographie spasm and the changes in 1CBF. The onset of demonstrable vasospasm in the middle cerebral artery was associated with a parallel decrease in the 1CBF in its territory. When the induced spasm lasted less than 18 hours, the 1CBF values followed the changes in the AI, with both returning to normal or near normal values. Postmortem examination in these animals demonstrated no evidence of infarction. Our findings complement the work of DennyBrown 5 who noted the remarkable absence of cerebral infarction despite severe but transient vasospasm in the Rhesus monkey. It is possible that the ability of the 1CBF to return toward normal values with the subsidence of spasm is important in maintaining a critical metabolic balance in this preinfarction stage. When spasm persisted for 22 hours or longer, by contrast the direct relationship between vessel caliber and 1CBF was lost. The depressed 1CBF, despite the radiographically normal appearing middie cerebral circulation, was probably a reflection of the extensive necrosis found at postmortem examination. It has been suggested 2 that cerebral blood flow may be a useful indicator of the severity of spasm.
However cerebral blood flow is a function of several components, and in the presence of infarction, vascular size apparently is less important in its determination.
The preservation of parenchymal function in the early phase of spasm may also be related to the observed responses of the 1CBF to changes in blood pressure. Constancy of CBF despite such changes is a characteristic of the normal cerebrovascular bed of the cat, :~4 dog, es and man. 21 The relationship between blood pressure and cerebral blood flow may be expressed by the formula f = k x p > 1 for the passive vascular bed and by f = k • p < 1 when autoregulation is preserved, where f=flow, p = pressure and k = constant, a9
In the normal rhesus monkey, the 1CBF through the middle cerebral artery territory was maintained between narrow limits (p < 1 ) despite wide changes in mean blood pressure. As postulated by Fog 12 and Forbes, TM such adjustments are normally the function of changes in cerebrovascular resistance (CVR) and are related to arterial vasoconstriction in response to hypertension and vasodilatation in response to hypotension? 1 Vasoconstriction and vasodilatation in response to rapid changes in blood pressure were not appreciated in the preoperative angiograms, but it is possible that such changes occurred in smaller sized vessels not visualized by our technique. Whether vasoconstriction under such circumstances is actually related to a specific autoregulatory mechanism, or is merely drug-induced, has been discussed by others ~~ and should be carefully considered before ascribing constancy of flow to autoregulation.
Irrespective of the regulatory mechanism operating, soon after the induction of middle cerebral artery vasospasm the constancy of the 1CBF was lost to hypertensive stimuli. However, it was maintained between narrow limits during the hypotensive phase. It is possible that the reflex vasoconstriction necessary for autoregulation in the face of hypertension is impaired in an already constricted vascular bed. On the other hand, maintenance of "autoregulation" during hypotension suggests that the latter stimulus may be sufficient to induce some degree of reflex dilatation of spastic arteries. Neither of these alternatives could be substantiated on the basis of serial angiograms; however, this may be a function of the resolving power of our radiographic technique.
The response to changes in blood pressure differed considerably when vasospasm persisted for 22 hours or more. In this phase, constancy of 1CBF was lost during hypotension at which time the flow passively followed the blood pressure. Waltz has noted that the inconstancy of the rCBF during hypotension is characteristic of ischemic cat cortex and it is likely that the passive drop in blood flow may be related to the secondary ischemic changes in the parenchyma rather than to the vasospasm itself.
These effects of spasm on the autoregulation of cerebral blood flow could have practical implications. In the early stages of spasm the response of the 1CBF to hypertension is initially passive, and an increase in blood pressure will increase the 1CBF to a significant degree. Farhat and Schneider 8 have previously described the use of metaraminol-induced hypertension to enhance perfusion in cerebrovascular disease. These authors did not specifically study the CBF but noted clinical improvement in four patients one of whom had demonstrable vasospasm. While this may be of benefit to an ischemic parenchyma after aneurysmal rupture in man, an increased perfusion pressure could predispose to rebleeding. In view of this danger, hypertensive therapy would be practicable only when aneurysmal rupture is not a consideration, e.g., in postoperative vasospasm, once obliteration of the aneurysm is assured, or in vasospasm unrelated to subarachnoid hemorrhage.
More significant is the finding that despite the presence of vasospasm, autoregulation is maintained in the early phase during hypotension. It is common practice in many centers to resort to hypotensive therapy in the management of primary subarachnoid hemorrhage. This is done either as the main method of treatment ~8 or in preparation for elective aneurysm surgery. 27 If one can extrapolate from monkey to man, it would be reasonable, on the basis of these findings, to maintain a mean blood pressure as low as 70 mm Hg, in the patient with vasospasm but free of a neurological deficit without the risk of significantly reducing cerebral blood flow. On the other hand, the presence of a neurological deficit and presumed ischemic changes should caution one to maintain a normal blood pressure as hypotension may lead to further infarction. While these data obviously require further elaboration in man, we feel that such approaches may provide a more rational basis for managing patients with cerebral vasospasm.
